ABSTRACT: fittiwakes from the colony closest to the site of the wreck of the 'Braer' oil tanker in Shetland, Scotland, in 1993 were studied in the breeding season following the spill. Sub-lethal effects of the spill on breeding kittiwakes were assessed by comparison with a n extensive data set collected at the same site (Sumburgh Head) during the 3 yr prior to the spill. Breeding performance in 1993 was very similar to that in 1992, with relatively good breeding success and short, frequent foraging trips. However, haematological data revealed a significant level of anaemia in the breeding kittiwakes at Sumburgh in 1993 compared to birds sampled in the same year at control colonies elsewhere in Scotland. The return rate of adults to the Sumburgh colony between 1992 and 1993 was exceptionally low, and nest-site and mate fidelity also appeared low. This was not a consequence of reduced survival, but was due to some adults not breeding in 1 or 2 yr following the spill, and subsequently returning to breed at the colony in later years. Such behavioural disruption may have considerable consequences for the dynamics and structure of the colony
INTRODUCTION
The direct mortality of seabirds resulting from acute oil pollution has received considerable public and scientific attention (Dunnet 1982) . However, crude oil contan~ination may have other sub-lethal effects which, while difficult to demonstrate unequivocally following specific incidents, could be of considerable importance at both the individual and population levels (see Anderson et al. 1996 , Sharp 1996 . Evaluation of sub-lethal effects of oil contamination on marine birds has been based largely on experimental studies in which birds are dosed (internally and/or externally) with oil. These studies have revealed a spectrum of changes in breeding behaviour and performance, including delays in egg laying and reductions in the pro-'Present address: RSPB South and West Scotland. Unit 3.1, West of Scotland Science Park, Kelvin Campus, Glasgolv G20 OSP, United Kingdom "Addressee for correspondence E-mail: p.monaghan@udcf.gla.ac.uk portion of adults laying eggs, egg hatching success, chick fledging success and in the return rate of adults to the breeding colony in the subsequent breeding season (Ainley et al. 1981 , Harvey et al. 1982 , Fry et al. 1986 , Butler et al. 1988 ). This variety of negative effects reflects the diversity of taxa under investigation, the range of dosages and methodologies employed, and the divergent chemical nature of the different crude oils used (Clark 1984) . While such impaired reproductive performance due to physiological effects of sub-lethal oil contamination is likely to accompany real oil spills, there is little evidence for such effects in free-living birds following actual contamination incidents. The majority of post-spill studies involve birds that have been subjected to cleaning and rehabilitation procedures in addition to oiling itself, and it can therefore be difficult to separate the effects due to the cleaning operations from those due to oil ingestion (Eppley & Rubega 1990 , Anderson et al. 1996 , Sharp 1996 . However, one primary toxic effect that occurs consistently as a result of crude oil ingestion in birds is haemolytic anaemia (Leighton et al. 1983 ). As disturbance of red blood cell function can affect other tissues, many of the recorded physiological and behavioural effects on birds may be secondary responses to a primary dysfunction of erythrocytes (Leighton et al. 1983) . Anaemia is relatively simple to detect in blood samples and thus provides a nondestructive means of detecting physiological effects of crude oil exposure in wild birds. In addition to direct sub-lethal effects, oil pollution could also affect birds indirectly by altering the availability of prey species. The reproductive patterns and foraging behaviour of seabirds are known to reflect fluctuations in abundance of principal prey species (e.g. Monaghan 1996) . Crude oil 1s t0xi.c to fish, and contamination can lead to substantial fish mortality (Stebbing et al. 1992) , and also to alterations in fish physiology and behaviour that could affect their availability to seabird predators (e.g sandeel emergent behaviour, Pearson et al. 1984) .
In January 1993, the oil tanker 'Braer' ran aground at Garths Ness in south.ern Shetland (Scotland) spilling 84 000 tonnes of Gullfax crude oil (Ritchie & O'Sullivan 1994) . The direct mortality of seabirds following t h e spill is well documented. Mortality of kittiwakes Rissa tridactyla appeared relat~vely low, with 133 kittiwakes (8.6%) of the total number of dead birds recovered, Monaghan 1994) being found dead on beaches immediately after the incident. The spill occurred 4 mo before the onset of kittiwake breeding, by which time most visible evidence of the spill had disappeared (authors' pers. obs.).
The seabird colonies at Sumburgh Head are the closest concentration of breeding seabirds to the wreck (approximately 4 km distant). Over the 3 yr preceding the spill, 1990 to 1992, tve conducted a detailed investigation into the responses of seabirds breeding at this site to changes in prey availability in the surrounding waters (see h4onaghan 1996). During that period there were large differences between years in the population age structure and abundance of lesser sandeels Amrnodytes rnarinus. the most important prey species for seabirds breed.ing in the area. Kittiwakes feecl their chicks predominantly on 0-group sandeels. In 1990 these were extremely scarce near Sumburgh Head, but were several orders of magnitude more numerous in 1991 (Monaghan 1996 , Wnght '1996 The studies from 1990 to 1992 thus gave us a detailed baseline data set, involving years of considerable variation in food availability, against which to assess sub-lethal effects of the spill on the seabirds subsequently breeding in the area.
In this paper we compare aspects of the breeding biology, behaviour, incidence of nonbreeding, and survival rate of kittiwakes before and after the spill. To investigate physiological effects of oil exposure in the kittiwakes breedlng at Sumburgh in 1993 directly, we also compare haematological data on these birds with control samples collected at uncontaminated sites elsewhere In Scotland in th(.? same year
METHODS
The study birds were breeding in a plot of approximately 50 nests on the west side of Sumburgh Head, at the southernmost tip of main1an.d Shetl.and (59'51' N, 1" 16'W) . Nest sites were numbered and mapped during nest-building (late April-early hlay). Breeding data were collected by daily observations from a wooden hide approximately 200 m from the plot. As no chicks fledged in 1990, analysis of data relating to chick parameters covers only 1991, 1992 and 1993. Accurate fledging period data were collected only in 1992 and 1993.
In each year, a sample of breeding adults was caught at the colony during incubation or chick rearing. Sex was determined using head-plus-bill length (Coulson et al. 1983) . To facilitate visual discrimination of pair members from the hide, adults were plumage-marked with spots of picric acid dye on the crown, breast or tail. From 1991 onwards all captured adults were given a unique combination of 3 colour rings and 1 numbered monel ring. Observations of these birds were made throughout the breeding periods 1992-1995 to estimate survival and site fidelity.
Colony attendance of marked adults was assessed in 2 ways. Firstly, in 1990 and 1991, continuous hide watches (using a team of observers working 4 h shifts) were made during daylight hours on 14 and 13 d, respectively, in units of 2 or 3 consecutive days spread through the breeding period. Secondly, in 1991 Secondly, in , 1992 and 1993, a sample of adults was fitted with tailmounted radio transmitters (8 birds in 1991. 19 birds in 1992, 29 birds in 1993: sample sizes differ between analyses due to tag or receiver malfunction, and caught birds breeding outside study colony). Tags weighed approximately 1.5% adult body weight and were attached to the central retrices using 2 small, steelratcheted cable ties. Similar tags used in another study were found to have little effect on the behaviour of kittiwakes (Wanless & Harr1.s 1992) . The subsequent presence of these adults at the colony was recorded automatically. This was achieved using low-power tags (designed and buiIt in Glasgow by MDB), a lowsensitivity aerial close to the colony (signal not detectable >200 m from the colony), and a Cedar Creek scanning receiver set to cycle through the frequencies of act~ve (mounted) radio tags. Presence/absence data were stored digitally on a lap-top computer, with a n additional hard-copy produced by a printer set to operate as a continuous pen recorder The 1991 absence duration and frequency data presented here are those from hide watches, as the radio m o n~t o r~n g system was under development in that year Other birds were also fitted with higher power radio tags (same size and weight) in 1990 and 1991 to determine foraging locations (see Wanless et al. 1992 , Monaghan 1996 . In these 2 years the breeding performance and absence durations of tagged and untagged birds were compared to assess effects of radio tags on these parameters: no significant effects were found (Mann-Whitney U-test, p > 0.1).
In other studies, short absences from the nest site (<30 min] by breeding kittiwakes have been excluded from analyses of foraging trip duration, because the recording method could not identify adults present in the colony, though not at the nest itself, or because it was deemed unlikely that these short trips involved foraging (Coulson & Johnson 1993) . In this study, in 1993 breeding kittiwakes were occasionally seen to forage < l km from the colony, and to feed chicks after relatively short foraging trips (authors' pers. obs.). Therefore, since it is likely that some shorter trips did involve prey capture, trips c 3 0 min long (15% of all trips) were included in the analysis for all years.
Breeding data figures presented in Fig. 1 are based on all nests studied in each year. Most nest sites were occupied in, sequential years. As site fidelity IS the norm in established kittiwake colonies (Coulson & Thomas 1985) , repeated measures analysls of variance (ANOVA) was used to compare breeding data across years, with each nest being considered as a single subject. Sites not occupied or monitored in all years were excluded from this analysis. Nests from which durations and frequencies of adult absences were measured were not consistent across years; nests studied depended on which adults were caught (for picric marking or radio-ta.g attachment), and this was as a random process. Consequently, we analysed these data using l-way ANOVA on means per nest, with Scheffe pairwise multiple comparisons tests.
To determine whether kittiwakes in Shetland were anaemic during the 1993 breeding season, blood samples were taken under licence from captured breeding adults at the Sumburgh Head colony, and, for com- parison, from kittiwakes breeding at other (control) colonies elsewhere in Scotland: the Isle of May (56" 11' N, 2" 32' W; 412 km from Sumburgh) and Ailsa Craig (55" 15'N, 5" 7' W; 560 km from Sumburgh). All birds were sampled during chick rearing, by venipuncture of the tarsal vein and collection of expressed blood directly ~n t o 4 to 5 heparinized capillary tubes. All birds were released unharmed immediately after sampling. Sealed tubes were transported to the laboratory (1 to 3 d), where they were held at 4°C until processing (0 to 3 d). Samples were processed in 4 ways but constraints on the volumes of blood available from some birds prevented all samples being processed by all 4 methods. To determine the haematocrit, 1 capillary tube was centrifuged at 12 000 X g and the packed cell volume measured (percentage of blood volume occupied by cells). The blood from all other capillary tubes in a sample was combined. To determine the density of red blood cells, a portion of this sample was diluted 1 : 600 in formal citrate saline and red cells were counted using an improved Neubauer haemocytometer. To observe red blood cell morphology, a thin smear was made, methanol flxed and May-GrunwaldGiesma stained. To determine the percentage of cells that were reticulocytes, a portion of blood was mixed with 3 volumes of New Methylene Blue solution and incubated at 37OC for 20 min; blood smears were made, dried and examined.
RESULTS
Breeding timing and performance parisons tests. From Fig. 1 it can be seen that the prespill year in which kittiwake breeding performance most closely resembled the post-spill season (1993) was 1992. Of the parameters investigated, only mean laying date differed significantly between these 2 years, with birds in the 1993 breeding season laying significantly later than in 1992 (but significantly earller than in 1990 and 1991). No kittiwake chicks fledged from the study area in 1990, when food supplies were very low. While the proportion of nests that fledged at least 1 chick did not differ significantly between 1991, 1992 and 1993 (Cochran Q = 5.17, n = 35 nests, df = 2, p = 0.08), the mean number of young fledging per nest was greater in 1992 and 1993 than in 1991 (Table 1) .
Foraging behaviour
The mean duration of trips made by adult kittiwakes during chick rearing differed significantly between years ( Table 2 ). The largest, and only statistically significant, difference was between 1990 and subsequent years. Adult absences in 1993 did not differ significantly in duration from those in the previous 2 years. The mean daily frequency of trips also differed between years, and a temporal trend of sequentially increasing daily trip frequency was apparent from 1990 to 1993, when absences were most frequent (and of shortest duration, Table 2 ).
Return rates and survival Fig. 1 shows overall mean (*SE) values for breeding Of the 38 birds colour-ringed in 1991, 29 (76.3%) parameters for all nests studied in each year Table 1 returned to breed in the study colony in 1992. Fourteen gives the results of the repeated measures ANOVA additional birds were colour-ringed in 1992, and of the tests (paired t-test for fledging period), comparing resulting total of 43 marked birds breeding in that these parameters between years with multiple comyear, 19 (44.2%) returned to the colony to breed in 
Consistency in nest site and mate across years
The proportion of breeding adults that retained the same nest site between 1992 and 1993 was less than half of that between 1991 and 1992. In the 2 subsequent years the proportion increased, but between 1994 and 1995 it was still well below the 1991-1992 level (Table 3) . Though the sample size is small, the data suggest a similar effect on the proportion of breeders retaining the same mate between successive years (Table 4) .
For nests occupied across years, laying date was positively correlated between 1990 and 1991 (n = 37 nests, r = 0.32, p < 0.05), and between 1991 and 1992 (n = 44 nests, r = 0.39, p < 0.01), but not between 1992 and 1993 (n = 38, r = 0.02, p = 0.91).
Haematological parameters
For the 2 control sites, there was no significant difference in any of the 3 haematological parameters, either between the sexes, or between birds from the 2 sites (Mann-Whitney U, p > 0.05). Therefore, data from these 2 sites were pooled in the following analysis. All 3 blood parameters differed significantly between control sites and Sumburgh. Packed cell volun~e was lower in Sumburgh breeders than the controls (Sumburgh mean = 55.98% * 2.0 SE, n = 19 birds; control mean = 66.76% * 5.13 SE, n = 13 birds: t = 2.16, p = 0.039), as was erythrocyte count (Sumburgh mean = 2.44 i 0.16 X log ml-' SE, n = 29 birds; control site mean = 3.71 * 0.38 X log ml-' SE, n = 13 birds: t = 3.69, p = 0.001). Reticulocyte counts were significantly higher in kittiwakes breeding at Sumburgh Head (Sumburgh mean = 13.65% + 1.62 SE, n = 16 birds: control site mean = 6.94% + 2.40 SE, n = 12 birds: t = 2.41, p = 0.024). 1991-1992 8 (10016) 1992-1993 1993-1994 1994-1995 4 ( 8 0 % )
DISCUSSION
All breeding parameters investigated (with the exception of hatching success), and both the duration a n d frequency of adult absences, during chick rearing differed significantly (p < 0.05) between years, primari1.y because data from 1990, when food supply was low, differed from the other years. With respect to the oil spill year, only I C I~ date and trip frequency differed signjflcantly between 1992 and 1993: in 1993 adults laid approxi~nately 3 d later, and made Inore trips per day during chick rearing, than in the previous year However, in contrast to the breeding performance parameters, return rate of marked adults between years was very low between 1992 a n d 1993. Significant differences in blood composition between samples from Sumburgh Head and th.ose from the control slte indicate that kittiwakes at the former site were relatively anaemic during the 1993 breeding season. Studies of sandeels in waters around Sumburgh Head showed no anomalous population decrease and no apparent toxic effects of oil contamination in this fish species during 1993 (Ritchie & O'Sullivan 1994) .
The pattern of between-year variation in clutch-size, fledging success, and duration and frequency of trips, appears to reflect variation in food availability, as in other studies of kittiwakes ( e . & Coulson 1990) . In contrast to that study, clutch size and chick survival were the maln determinants of overall breeding success at Sumburgh. Other measures also revealed no detectable effect of the oil spill. Firstly, the magnitude of the difference in laying date between 1992 and 1993 was small compared to inter-annual differences at North Shields, where differences of more than 7 d between consecutive years were common (Cou.lson & Thomas 1985) . In comparison with the year of lowest food supply (1990) , Sumburgh kittiwakes in 1993 laid approximately 10 d earlier, and at a time similar to 1992; thus the breeding season was not delayed following the oil spill. Secondly, relatively high parental foraging trip frequency during chick-rearing, which has been associated with relatively high fledging success of seabirds a t Sumburgh and with plentiful food close to the colony (Hamer et al. 1993 , Monaghan et al. 1994 , Monaghan 1996 , was found in the current stud!.; the significantly elevated trip frequency in 1993 compared to 1992 was thus apparently not a deleterious effect of oil pollution Overall, the data on breeding performance and colony attendance suggest that foraging conditions were favourable in the breeding season following the oil spill. Of 56 kittiwake colonies monitored throughout Britain and Ireland in 1993, Sumburgh Head was the third most productive (Walsh et al. 1994) .
The factor which did indicate a spill effect was the incidence of non-breeding. Annual return rates of individually marked kittiwakes generally give a reliable measure of annual survival (Coulson & Wooler 1976) . In the long-term study at North Shields it was rare for breeding kittiwakes to miss 1 yr, and subsequently return to rejoin the breeding population. No birds were recorded as missing 2 yr before returning to breed; annual return rate varied between years, but never fell below 60% and the overall mean was >8O4YU (Aebischer & Coulson 1990) . Also, in a 6 yr study of a different, sharply declining kittiwake colony, the lowest inter-annual return rate was 62%) (Danchin & Monnat 1992) . Therefore, the 44 % return rate between 1992 and 1993 at Sumburgh is exceptionally low. Furthermore, the fact that this low return rate does not represent low survival, but is a consequence of adults missing one or more breeding attempts, appears to be unusual for this species (see Boulinier & Danchin 1996). Given that feeding conditions were relatively good in both 1992 and 1993 (Wright 1996) , it is likely that this anomalous pattern of colony occupation is a consequence of the oil s p~l l in January 1993. The reduced return rate of adults in t993 was likely to be responsible for the elevated level of nest-site change and disruption of breeding pairs seen in that year.
We suggest that the factor responsible for missed breeding is an altered physiological state caused by oil ingestion. Obviously, blood samples from those birds that were absent In 1993 could not be obtained However, samples from those adults that did return, and which were therefore possibly the least affected by oil contamination, revealed a significant, sub-lethal level of anaemia. Reduced erythrocyte count and packed cell volume indicates a reduction in erythrocyte density in the blood, and an elevated level of reticulocytes (the cellular precursors of erythrocytes) is characteristic of haemolytic anaemia. While the breeding performance of these adults was not altered, it is possible that the more severely affected birds did not breed in the year following the spill. These effects could come about through impaired endocrine function, which can disrupt many aspects of the birds' behaviour and physiology (Peakall et al. 1981) , and such apparent non-breeding follon-ing oiling has also been reported in brown pelicans Pelecanus occidentalis (Anderson et al. 1996) .
Blood samples from 3 other seabird species breeding at Sumburgh in 1993 (Arctic terns, common guillemots and shags) were not significantly different (in the same 3 blood composition measures) from control samples 14Ialton et al. Effects of 011 pollution on k~ttiwakes (Monaghan 1996) (Ritchie & O'Sullivan 1994) suggests that i t is unlikely that the anaemia in kltti~vakes was a ~e s u l t of ingestion of contaminated pley U n l~k e the other 3 species from which blood samples were analysed, kittiwakes build nests of mud, which they collect fioin a variety of sources Birds from the study colony weie seen to collect mud regularly from a small bog appioxiinately 100 m Iiom the colony, and from the edges of freshwater lagoons on Scatness Point (appioximatel~ 2 km distant and close1 to the wreck site) Terrestiial substrates at both of these sites were heavily containinated duiing the spill (Miles 1994) and both ale isolated from marine weathering effects K~ttlwakes calry nesting material in the bill and it is possible that birds ingested 011 froin this site If contaminat~on was associated with this source, then the biids that did not breed presumably picked up relatively heavy contamination at the pie-breeding gatherlngs that occur on these freshwater areas In conclusion this study demonstrates that superficial monitoring of bleeding parametels may not show effects of an oil pollution Incident on seabirds, but that less ob\~lous sub-lethal physiological effects can occur These effects on individuals can have important consequences such as missed b r e e d~n g years and disruption of colony structure, which could potentially have a n iml~act at the population level Fuithermore, In assessing effects of oil pollution it is essential to have pre-spill data that cover a bioad range of background environmental conditions before effects on the behaviour and performance of breeding birds can be attributed, with confidence, to a specific pollution incldent
